Abstract. -From both NMR and conventional rheometrical data we show that a foam cannot flow steadily below a critical, apparent shear rate and a critical shear stress. At low velocities the shear localizes in a layer of thickness decreasing with the apparent shear rate. When this thickness becomes smaller than a critical value hc (about 25 bubble diameters) the continuum assumption is no longer valid and the apparent behavior in this "discrete" regime differs from the rheological behavior of the foam in the "continuum" regime (for a sheared thickness larger than hc).
Concentrated emulsions, suspensions, foams or polymeric gels, of common use in civil engineering, food, cosmetic or pharmaceutical industries, are pasty materials capable to flow only when a sufficiently large stress has been applied to them, a feature associated to their "soft jammed" structure. Since these materials might constitute a new state of matter reminiscent of the glassy state, they are actively studied in physics [1] . Although the solid-liquid transition was initially assumed to be continuous, i.e. the viscosity was considered to progressively tend to infinity as the shear stress decreases towards the yield stress, various recent experimental results with pasty materials have suggested that an abrupt transition occurs at a critical shear rate [2] , which leads to shear-banding at low flow rates [3] . Recent theoretical works or numerical simulations [4] providing rheophysical approaches of the behavior of softjammed systems tend to confirm the generic character of such results. Besides, an analogous effect has long been observed with wormlike micellar solutions [5, 6] , but in that case the different flowing regions were shown to be composed of different phases [7] . For foams, shearbanding [8, 9] and fracture [10] under specific conditions at low velocities, or localization of rearrangement processes beyond a critical deformation [11] under dynamic tests, were recently observed. Nevertheless, it is generally considered [10, 12] that flows under other conditions are homogeneous and that these materials behave as simple yielding fluids, i.e. with flow rate continuously decreasing to zero as the applied stress decreases to the yield stress. Here we provide a complete set of macroscopic (conventional rheometry) and local (MRI) flow data for a foam. It is shown that foam flows systematically develop shear-banding at low imposed velocities and that the corresponding sheared layer does not exhibit a consistent rheological behavior when the sheared thickness is smaller than about 25 bubble diameters.
c EDP Sciences As a material we used a commercial foam (Gilette, USA) consisting of slightly polydisperse gas bubbles at an initial volume fraction of 93% and bubble size of approximately 12 µm. It has been shown [13] that the bubble size significantly varies in time in the foam at rest, it "coarsens", so that during our experiments carried out between 40 and 60 min after foam preparation the mean bubble size is estimated to be 20 µm. As for it the second moment of the bubble size distribution scaled by the average diameter remains constant at a value of 0.6 ± 0.05 [13] . We carried out experiments with a "MRI-rheometer" from which we directly get the local velocity distribution within flow in a Couette geometry (inner cylinder radius: r 1 = 4.05 cm, outer cylinder of radius r 2 = 5.85 cm; length: H = 11 cm) covered with a sand-paper with an equivalent roughness of 200 µm. The room temperature was kept between 20
• and 24
• . Magnetic-resonance imaging was performed with a Bruker (France) set-up equipped with a vertical 0.5 T magnet (Magnex Scientific Ltd, UK) using a sequence and a procedure described elsewhere [14] . The volume imaged was sufficiently far from the bottom and from the free surface of the rheometer for flow perturbations due to edge effects to remain negligible. The material was presheared at 120 rpm during 1 min, then a given velocity level was imposed during 3 min and the velocity profile was obtained by averaging the signal over the last 90 seconds of flow at this level. No significant time effects could be detected under such conditions so that we can reasonably assume these velocity profiles correspond to steady state. A comparison of the results obtained for the same velocity at the beginning and at the end of such a series of tests showed a good reproducibility. No significant (size) segregation effects could be observed from standard NMR imaging.
Tangential velocity profiles obtained under different rotation velocities of the inner cylinder are presented in fig. 1 . As expected for such yield stress fluids, at sufficiently small velocities, there exists a region in which the material seems rigid while shear flow occurs elsewhere, and the thickness of the sheared layer increases with the rotation velocity of the inner cylinder. However, in contrast with previous analogous velocity imaging experiments with foams, thanks to a higher rotation velocity of the inner cylinder, here the thickness of the sheared region is larger than 200 times the bubble size so that it is more likely that the continuum assumption is valid. An additional critical difference appears in the insert of fig. 1 : at the approach of the abscissa axis there is a break in the slope of the velocity profile, i.e. the slope remains almost constant over several millimetres, then suddenly drops to zero. This effect is similar to that observed with several other pasty materials [4] . Here we can remark that the slope of the velocity profile in the flowing region at the liquid-solid interface remains approximately constant under different rotation velocities of the inner cylinder, which indicates that this slope can be associated to a critical shear rate (γ c ) characteristic of the material. Under these conditions it is natural to consider that this liquid-solid interface is also associated with a unique, critical shear stress (τ c ).
Before any assumption concerning the constitutive equation of the fluid it may be established that for such a Couette flow, as long as the fluid remains homogeneous and the free surface remains horizontal and with negligible edge and inertia effects, the shear rate (γ) and the shear stress (τ ) write:γ = |r∂(v/r)/∂r| and τ = M/2πHr 2 , in which r is the distance from the axis, v the local velocity and M the applied torque. In our experiments, to each level of rotation velocity Ω corresponds a critical radius r c associated to the location of the liquid-solid interface (cf. fig. 1 ). At this distance the slope of the velocity profile is equal to the shear rate sinceγ = ∂v/∂r − v/r 2 and v(r c ) = 0. The corresponding shear stress is τ c , so that we have M = 2πHr 2 c τ c . Using this expression the stress at any distance r may be rewritten
, in which R = r/r c is the dimensionless distance from the axis. In such a representation, because the critical stress at the interface is fixed (τ (r c ) = τ c ), the stress distribution does not change with the imposed velocity, only the range covered by the stress increases (towards larger values) as r c increases with the rotation velocity. Moreover, the distribution of the shear rate magnitude (γ(R)) associated with this stress distribution via a unique constitutive equation of the sheared fluid should also be similar for different velocity levels. Sinceγ(R) is also related to the velocity profile V (R) = v/r c viaγ(R) = |R∂(V /R)/∂R|, we deduce that the different velocity profiles V (R) obtained with a single material should be similar. This is effectively what appears from our experimental data scaled using r c values estimated from the location of the slope break (see fig. 2 ): all the velocity profiles fall along a master curve within 10%, except that for Ω = 80 rpm associated to a fully sheared fluid (i.e. without solid-liquid interface within the gap). This result shows both the consistency of our assumption of a critical radius associated with a critical shear rate and a critical shear stress, and the existence of a single rheological behavior for the fluid in the flowing region.
The validity of the assumption of a unique critical stress at the solid-liquid interface can also be checked using the steady-state data from conventional rheometrical tests under controlled velocity (see below). Although the geometries differ, the flows in the sheared region are similar for the same rotation velocities of the inner cylinder as long as there exists an unsheared region in both geometries. The torque applied for a given rotation velocity Ω may now be written M (Ω) = 2πhr c * 2 τ c in which h is the fluid depth and r c * the critical radius in the laboratory rheometer which, due to the (geometrical) similarity of the flows in both geometries, writes r c * = (r 1 * /r 1 )r c , where r 1 * is the inner radius of the laboratory rheometer. Thus we should have M (Ω) = 2πh(r 1 * /r 1 )r c 2 τ c = αr c 2 . From our data it effectively appears that the evolutions of M (Ω) and r c 2 vs. Ω are similar (cf. insert of fig. 2 ). This means that one can determine a unique value for α, from which a unique value of the critical stress τ c may be found.
The These results differ from the conclusions of previous studies of foams using conventional rheometry [10, 12] (see the introduction). In order to clarify this discrepancy, we carried out conventional rheometrical tests with a stress-controlled Paar Physica MC1+ system equipped with a large gap, coaxial cylinder geometry (inner cylinder diameter: 2.5 cm; outer cylinder diameter: 4.9 cm; h = 7 cm). In order to avoid wall slip, the tool surfaces were roughened: the outer cylinder was covered with sandpaper (roughness: 0.5 mm), and the inner cylinder was striated (roughness: 2 mm). The tests were carried out at a temperature of 20
• C. In order to avoid drying effects, the geometry was covered with a paraffine film in contact with the static parts of the system. After their preparation, the material was introduced in the rheometer and presheared at 300 rpm during 60 s, then left at rest during 20 s and a given level of torque was applied during 60 s. Successive torque levels were then applied in the same way following the same procedure (preshear, rest, shear). Since aging or evolution of edge effects could occur during such a series of tests, we corrected the torque value for a given test by dividing it by the ratio of that observed during the corresponding preshear to the initial one. This implied a maximum correction of 5% to the data, which does not affect our different qualitative results. The results (cf. fig. 3a ) are similar to those obtained for other pasty materials [3] : below a critical torque value the rotation velocity continuously decreases in time, just beyond this critical value the velocity rapidly reached an almost constant, large value. Thus we could not obtain (controlled stress) stable flows leading to rotation velocities below a critical value, associated to the critical torque. If we consider that some average shear rate of the bulk is associated to a level of rotation velocity, these results are in agreement with the above MRI data since they predict that, for a continuous range of stresses applied, the range of shear rates that can be obtained in steady state has a lower, finite boundary.
However, this result remains in contradiction with conventional rheometrical tests generally carried out under controlled velocity. We thus carried out such tests with a procedure similar to that above for creep tests under various levels of rotation velocities, i.e. with preshear and shear for each level but without rest in order to rapidly reach a pseudo-steady-state flow. Beyond a critical rotation velocity the recorded torque rapidly reaches a steady-state value; below this critical velocity the torque fluctuations in time are larger and for the smallest velocities they increase beyond the value obtained at some larger velocities (cf. fig. 3b ). Here as "pseudo-steady-state" values we retained the average values over the last 20 s for each 60 s run at a given rotation velocity level. In the corresponding flow curve we can observe a peculiar effect of decreasing stress at low apparent shear rates leading to a local minimum in stress (cf. fig. 4 ), analogous to that reported for wormlike micelles [7] . For wormlike micelles the existence of two phases is at the origin of such flow curve type [15] , but for a homogeneous fluid a simple linear stability analysis shows that flows in the decreasing part of such a flow curve are unstable, which suggests that here the continuum assumption is not valid.
Let us now interpret these results more completely. According to MRI data, the thickness of the sheared region (h = r c − r 1 ) decreases with decreasing imposed rotation velocity (Ω). Using the shear stress vs. shear rate relationship from the local constitutive equation (1) found from MRI data and the stress vs. distance relation, we can integrate the local rotation velocity (v/r) over the sheared region. We obtain Ω = observed if the local constitutive equation obtained from MRI data was valid for any value of h. This curve appears consistent with the rheometrical data only for Ω > Ω c , in which Ω c is associated to a critical thickness h c (cf. fig. 4 ) approximately equal to 25 times the mean bubble size. However, the theoretical flow curve departs from rheometrical data in the region of unstable flows (under controlled stress) or decreasing torque (under controlled velocity) for values of h lower than h c (cf. fig. 4 ). This means that the constitutive equation deduced from MRI does not apply in this region. This implies that two different flow regimes (and apparent behavior) are associated to a sheared thickness, respectively, smaller or larger than h c .
Here we do not have clear information concerning the behavior of the material when h < h c . However, the corresponding range of thickness-to-bubble-size ratio is that covered by the experiments of Debregeas et al. [8] . In that case, the obtained velocity profiles were selfsimilar, i.e. they fall along a master curve when represented in the form of v/v max as a function of the distance. This phenomenon was also observed for slightly more rapid flows of granular materials [16] but probably also in the shear-banding region [3] , which suggests that this might be a generic behavior of the localized flows in jammed systems. If we assume that in such small thicknesses we are dealing with a fluid of given constitutive equation under any flow conditions, it may be demonstrated [17] that its rheological behavior necessarily follows a (simple) power law model, i.e. τ = kγ p . This result, which predicts a flow rate decreasing towards zero as the shear stress decreases to zero, is in contradiction with the apparent yielding behavior of such materials. This implies that our initial assumption of a consistent rheological behavior, or, equivalently, the continuum assumption, is not valid when the sheared thickness is so small.
Finally, two flow regimes were identified: a "discrete" regime for h < h c , in which the continuum assumption is not valid and the apparent rheological behavior depends on boundary conditions; a "continuum" regime for h > h c , encountered only beyond a critical value of the apparent shear rate and in which the material exhibits a consistent rheological behavior. It is likely that in the "discrete" regime the local characteristics of the motion significantly depend on the specific arrangement of bubbles and their interaction with the solid interface, in contrast with the "continuum" regime in the absence of wall slip.
